Hexavalent chromium, Cr(VI), is a widespread and toxic groundwater contaminant. Reductive immobilization to Cr(III) is a treatment option, but its success depends on the longterm potential for reduced chromium precipitates to remain immobilized under oxidizing conditions. In this unique long term study, aquifer sediments subjected to reductive Cr(VI) immobilization under different biogeochemical regimes were tested for their susceptibility to reoxidation. After reductive treatment for 1 year, sediments were exposed to oxygenated conditions for another 2 years in flowthrough, laboratory columns. Under oxidizing conditions, immobilized chromium reduced under predominantly denitrifying conditions was mobilized at low concentrations (≪1 μM Cr(VI); ∼ 3% of Cr(III) deposited) that declined over time. A conceptual model of a limited pool of more soluble Cr(III), and a larger pool of relatively insoluble Cr(III), is proposed. In contrast, almost no chromium was mobilized from columns reduced under predominantly fermentative conditions, and where reducing conditions persisted for several months after introduction of oxidizing conditions, presumably due to the presence of a reservoir of reduced species generated during reductive treatment. The results from this 3year study demonstrate that biogeochemical conditions present during reductive treatment, and the potential for buildup of reducing species, will impact the longterm sustainability of the remediation effort.
Introduction
Chromium is a common contaminant in groundwater and soils, since it is used in several industrial processes and can also be released from geologic sources. (1, 2) Chromium can exist in two stable oxidation states the toxic and soluble hexavalent form, Cr(VI), and the relatively harmless and mostly immobile trivalent state, Cr(III). Reduction of Cr(VI) to Cr(III) for purposes of remediation can be achieved either by abiotic reaction of Cr(VI) with Fe(II), sulfide compounds, soil organic matter, or by microbially mediated direct or indirect reduction.(315) Treatment success is determined by the amount and rate of Cr(VI) reduction, as well as the stability of reduced products once the system returns to oxidizing conditions posttreatment.
Oxidation of Cr(III) by molecular oxygen, nitrate or other common oxidants is believed to be slow at moderate pH,(15, 16) despite Cr(VI) being thermodynamically stable in oxidized environments. This kinetic limitation on oxidation is crucial from a remediation perspective, because it means that it is feasible to maintain Cr in its reduced, insoluble state under transient or predominantly aerobic conditions, unlike other contaminants such as uranium, which are more readily reoxidized. (17, 18) Under moderate pH conditions, Mn(III/IV) (hydr)oxides, which are prevalent in the environment, appear to be the only potent naturally occurring oxidizers of Cr(III). (15, 16, 19, 20) Several factors control the potential for, rate and extent of Cr(III) reoxidation including the amount, mineralogy and surface properties of Mn oxides present, the structure and solubility of Cr(III) phases, and the degree to which dissolved Cr(III) can react with Mn oxide surfaces.(21) For example, chromium can be oxidized at different rates by a variety of Mn oxides including birnessite, (1, 2227) (16, 19, 23, 40) When Mn(III/IV) oxides exist in the sediment, they are expected to be reduced and dissolved during the bioremediation process by direct microbial reduction or via reaction with microbially generated We investigated the potential for chromium immobilization under a variety of biologically stimulated conditions, and for remobilization of the reduced chromium following a return to oxidizing conditions, in a twophase, 3year experimental study using flowthrough laboratory columns containing Hanford aquifer sediments (Figure 2 ). The study is unique due to the longterm observations of reduction and reoxidation in flowthrough columns using natural sediments, as compared to most previous studies (with one exception(41)) that were conducted over much shorter time scales (less than a month), with synthesized Cr(III) and Mnoxides under controlled laboratory conditions. We also conducted extensive solidphase characterization of the Cr(III) phases precipitated in the columns after the reductive treatments, the results of which are described in previous papers.(42, 43) In summary, the reduced Cr(III) phases were determined to be Cr-Fe hydroxides produced by the abiotic reaction of Cr(VI) with microbially reduced Fe(II). The products in all the columns were found to be structurally similar, despite the differences in the dominant biogeochemical reduction processes. It was hypothesized that local heterogeneity led to hotspots where reducing conditions differed from the dominant biogeochemical condition (such as detectable Fe reduction under predominantly denitrifying conditions, and sulfate reduction in predominantly fermenting environments), consequently leading to the formation of similar Cr-Fe precipitates under vastly different bulk biogeochemical conditions. (42, 43) In this followon paper, we describe the second phase of the study, where the objectives were to (1) determine the potential for reoxidation of Cr(III) phases reduced in the various reductive pretreatments, and (2) 
Materials and Methods

Reduction Experiment and SolidPhase Characterization of Reduced Cr(III) Phases
Experimental details of the reduction study are described elsewhere.(12, 42) Briefly, the reductive phase involved 11 columns (Figure 2 ) made using 6 mL, sterile, solidphase extraction cartridges (7.8 cm (L) × 0.64 cm (i.d.)) packed with ∼12 g of homogenized sediments from the Hanford 100H aquifer. The sand fraction of the Hanford formation sediment consists of quartz, plagioclase, hornblende, and mica (muscovite, biotite) with minor magnetite, orthoclase, and ilmenite, whereas the clay and silt fractions contain micas, vermiculite, chlorite (clinochlore), and ferruginous biedellite.
(44) The columns were continuously exposed to anaerobic, synthetic groundwater containing Cr(VI), lactate, and different electron acceptors in a glovebox for 358 days (Table 1) , and effluent solutions characterized as described below. concentrations in the extracts were determined using ICPMS, and Fe(II) was measured using ferrozine.
Reoxidation Setup
The reoxidation phase was conducted using 7 columns representing the dominant biogeochemical characteristics prevalent in the reduction experiment (fermentation, denitrification, and lowlactate utilization/Cr reduction). The reoxidation phase began with 4 columns (ND1, ND2, SF1, and SL1) that had been reduced for 358 days. Three more columns (ND3, SS/F, XL1) were added after being reduced for an additional 449 days under slightly altered conditions ( Figure 2 ). Column ND2 was taken down after 223 days of reoxidation.
All columns were initially flushed with chromatefree, deoxygenated influent solution to wash out residual Cr(VI) for ∼22 h (2+ pore volumes) inside the glovebox prior to reoxidation. The columns were fitted with new autoclaved Tygon tubing attached with sterile 0.2 μm filters for delivery of injection and effluent solutions. The columns were then transferred outside the glovebox into aerobic conditions, and subject to influent containing oxygen and nitrate (naturally present in Hanford groundwater) as oxidants. Differences in the flow rates in each of the columns were minor (<0.5 mL/day).
After 659 days of reoxidation, a series of pump manipulation, stopflow tests were conducted over ∼3 months, where the pump was turned off for different periods of time (4, 7, 10, 14 days) and then restarted (SI Figure SI1 ). In the final stage of the pump manipulation experiment (at 720 days), pyrophosphate, which is known to form strong complexes with Mn(III), was added to the influent solution to determine whether Mn(III) availability would impact the rate of Cr (III) (eq 2). Values below the detection limit (0.5 μg/L) were set to half the detection limit. (48) (2)where Q = flow rate (3 μL/min), C n = chromium concentration in sample n (μg/L), and t n = time sample n was taken (days). 
Results
Increase in Redox Potential Triggers Chromium Reoxidation in NitrateAmended Columns
Columns that were nitrateamended and predominantly denitrifying prior to reoxidation (ND1, ND2, and ND3) released small amounts of Cr in their effluent soon after their reducing capacities were exhausted and oxidizing conditions became prevalent, around days 50-66 (Figure 3a,d) . and/or metabolic byproducts of the lactate (e.g., biomass, biofilms) that was introduced into the columns during the pretreatment reduction phase. In either case, microbial activity appeared to cease after the first 6 weeks, coincident with changes in nitrate, nitrite, and Mn(II) concentrations, indicating a decrease of denitrifying activity in columns ND1 and ND2. In contrast, column ND3, which had an additional 449 days of reductive pretreatment, was introduced to ambient atmospheric conditions from the start of its reoxidation phase. Effluent nitrate concentrations were at influent levels [2 mM] as soon as reoxidation commenced (Figure 3c ), and concentrations of nitrite were always low [0-10 μM], except on day 13 (∼100 μM) (SI Figure SI2a) .
Chromium released from ND3 (0.2-2.35 μM) was at times almost an order of magnitude higher than the Cr released from ND1 and ND2, and continued to remain elevated after 210 days of reoxidation (Figure 3a) .
Speciation tests using ICH cartridges showed that Cr present in the effluent of all the nitrate amended columns was mostly >90% Cr(VI) (SI Table SI1 ). However, the cumulative Cr released at the end of the full reoxidation period (>600 days) represented a small fraction (<3%) of the total amount of Cr deposited during the reductive pretreatment ( Table 2 ). The pH in all columns generally followed the same trends, and ranged from ∼7.5 to 9.5 throughout the experiment (SI Figure SI5) . This is an approximate estimate of the total Cr deposited in the column. Sampling stopped during the reduction phase (day 608 for column ND3 and day 585 for columns SS/F and XL1), which lasted for a total of 807 days for these 3 columns. Chromium consumption stabilized in ND3 and XL1 after 390 days of reduction; thus the average Cr concentration from day 390 onward was used to estimate the amount of Cr deposited for the period where data were unavailable. Conditions were more dynamic in SS/F, and the average concentration from days 553 onward were extrapolated to the end of reduction.
Insignificant Chromium Reoxidation in Other Columns
In column SF1, where fermentative conditions were dominant during the reductive pretreatment, days (Figure 3b ). No detectable Cr was released from SF1 after the first ∼3 day washout period (Figures 3a and 4b) . Sulfate was also measured in the effluent [0-0.8 mM] during the first ∼300 days of reoxidation, suggesting the occurrence of sulfide oxidation (SI Figure SI2b) .
In column SS/F, which had been reduced for an additional 449 days, no effluent Cr was detected after the initial washout period, (Figure 3a) . Effluent Mn was observed consistently [0.03-0.6 μM], peaking between days 250-400 (Figure 3b ).
For SL1, which had low levels of lactate consumption and reducing activity during the reductive pretreatment, Cr was nondetectable in the effluent after the initial washout period (Figures 3a) . In X L1, for which the dominant available electron acceptor during the reductive pretreatment was native Fe(III), some Cr [0.3-0.6 μM] was released in the first 40 days after reoxidation (Figure 3d ).
However, the total Cr released during reoxidation amounted to ∼0.8% of the total Cr that had been deposited during the reductive phase. Corresponding Mn concentrations were low during this period and increased after day 40, after which chromium dropped to nondetect values, indicating that reducing activity may have rebounded in the column after day 40.
Pump Manipulation Experiment Results
Elevated total chromium concentrations, relative to steadystate, were measured following stopflow events in ND1 (0.01-0.1 μM), and by an order of magnitude more in ND3 (0.2-2 μM) ( Figure 5a , SI Figure SI6 ); column ND2 had been taken down on day 223, and was not subject to the stopflow tests. The extent of increase was linearly proportional to the pumpstoppage period (Figure 5a ).
Chromium levels did not increase after stopflow events in any other column. The addition of pyrophosphate did not substantially affect Cr concentrations, except perhaps for a small decrease in ND3 concentrations (SI Figure SI6 ). In ND3, the greatest detectable nitrite concentrations were observed after a 4day stopflow event (Figure 5b ). The decrease in detectable nitrite with longer stoppage times is consistent with its role as a reactive intermediate in the nitrate reduction pathway. Elevated nitrite concentrations were observed to a smaller extent in ND1 and SF1. Sulfate concentrations were elevated in SF1, proportional to stopflow event length (Figure 5b ).
Selective Extractions of Reduced Column Sediments
All the different pretreatments had lower extractable Mn, relative to original Hanford sediment ( Figure 6a , SI Table SI2 ). However, the loss was greatest in SF2 (∼25-35%), about half of which was lost from the bottom section. Columns ND4 and SS/F had similar amounts of Mn loss (∼15%). Extractable Cr (Figure 6a ) and Fe measurements from the reduced column sediments (SI Table SI 2) showed that the maximum amount of chromium deposition occurred in columns SF2 and ND4, near their inlets (bottom sections), (42, 43) and were ∼100 times the background level (of untreated Hanford sediment). Column SF2 had the greatest amount of acidextractable Fe(II) values, exceeding the background level by a factor of 2 near the column inlet. The other three columns had extractable Fe(II) concentrations exceeding background levels by 10 to 20%. 
Discussion
Sources and Rates for Chromium Remobilization under Oxidizing Conditions in Nitrate amended and Unamended Columns
The results indicate that chromium was mobilized in the nitrateamended columns when the redox potential increased, and notably during periods when effluent Mn concentrations were low (indicating lower Mn reduction activity) (SI Figure SI7) . In columns ND1 and ND2, Mn concentrations dropped quickly prior to a pulse of Cr release (Figure 4a and SI Figure SI3a) , suggesting a possible role for freshly formed manganese oxides, which can be more reactive than aged, crystalline phases,(31, 32) in Cr reoxidation.
The observations can be explained by a conceptual model, with two source terms: (1) Based on the theory that solubility is the ratelimiting step, release rates for the two hypothetical pools can be inferred from the pump manipulation experiments, where longer equilibration times would lead to increased dissolved Cr concentrations. The slopes of the trendlines obtained from plotting chromium concentrations in columns ND1 and ND3 against stopflow event length were used to obtain firstorder release rates (Figure 5a) . Column ND3, which was only oxidized for 210 days, had continual, pulsed releases of Cr, indicating the possible presence of the more soluble •μmol -1
Cr deposited ) was calculated from Cr concentrations in ND1 following stopflow events (0.01-0.1 μM), which is lower than in ND3 by a factor of 20 (or a factor of 6, when normalized by Cr deposited) (Figure 5a ). For comparison, the slowrelease rate calculated using the stopflow experiment is similar to an alternate slowrelease rate calculation of 0.002-0.005 μM•d -1 in ND1 and ND2, obtained by assuming uniform chromium release rates for all samples collected from day 170 onward (as eq 2 divided by remaining days of reoxidation).
Other studies that have measured chromium oxidation rates at neutral pH have reported a variety of rates (Table 3 ). It is difficult to make a direct comparison of rates given differences in experimental conditions, especially considering that the other studies were conducted over much shorter time scales (none longer than a month), under idealized laboratory conditions, using various concentrations of synthesized Cr(III) and Mnoxides. Despite the differences in the experimental settings, the rates calculated here are comparable with previously reported oxidation rates. Notably, several studies observed higher initial rates that declined over time as the system approached steady state. Eary and Rai (1987) (16) Cr ( 2-year flow-through columns at pH 7-9, initially subject to reductive treatment for 1 year fast rate: 0.1 μM·d (22) However, extensive Fe(III) reduction was observed in the sulfate-amended fermenting columns, favoring the formation of relatively insoluble Cr-Fe coprecipitates, since the rates of Cr(VI) reduction by Fe(II) are much greater than those for enzymatic reduction. Thus, strongly reducing conditions that promote Fe(III) reduction will also decrease the potential for enzymatic reduction of Cr, and limit the production of the more soluble organically complexed Cr (III) pool.
The data from this study suggest a dominant role for the first and fourth possibilities as evidenced by the longterm sulfate and Mn reduction in columns SF1 and SS/F and the higher rate of Cr reoxidation in ND3 compared to ND1, even after accounting for excess Cr reduced over the additional 449 days of reductive pretreatment (rates for ND3 were a factor of 6 more than ND1, when normalized by the amount of Cr deposited in the columns during reduction).
Thus, biogeochemical conditions during reductive treatments of Cr(VI) can impact the longterm stability of the remediation effort. If treatment is conducted using nitrate reducing conditions, slow, sustained reoxidation of Cr(III) (at a rate on the order of 0.005 μM.d . The x-axis shows days adjusted to the start of the pump manipulation. Note the differences in the y-axis scale for each of the ions. 
